Stronger disinfection techniques are required to inactivate Bacillus subtilis spores as surrogate microorganisms for Cryptosporidium parvum oocysts. In this study, the effects of UV and persulfate separately and also in combination were investigated on B. subtilis spore inactivation. Central composite design and response surface methodology were used to optimize target microorganism reduction. Contact time, initial pH, and persulfate dosage were considered as input experimental variables. Based on the design of the experiments, first and second order response surface models have been developed to correspond to the output response of B. subtilis spore reduction. It can be concluded that microbial reduction by UV alone was more effective than persulfate, while the combined UV/persulfate process demonstrated the highest log reduction (4.1) under the following optimal conditions: 60 min contact time, pH ¼ 7.8, and persulfate dosage of 30 mM. On the other hand, the optimal condition for UV treatment was a contact time of 60 min at a pH of 5.0, which led to a 3.19 log spore inactivation. Consequently, the UV/persulfate system can be introduced as an alternative disinfectant for the inactivation of B. subtilis spores.
INTRODUCTION
Disinfection is a very crucial step in water treatment processes for destroying pathogenic microorganisms (Post et al. ) . Traditionally, chlorination has been the most commonly adopted disinfection process for the treatment of drinking water. However, with the appearance of chlorine-resistant pathogenic microorganisms such as
Giardia lamblia cysts and Cryptosporidium parvum oocysts, many conventional drinking water treatment plants that use free chlorine are faced with problems in reaching the required target goals for microbial inactivation (Jung et al. ) . Since the direct measurement of C. parvum or G.
lamblia is difficult, time-consuming and expensive, Bacillus subtilis spores were selected as an indicator (Facile et al.
; Driedger et al. ).
Bacillus subtilis is an aerobic, non-pathogenic, gram-positive soil bacterium that is easy to count and identify in laboratory conditions. Under certain conditions (e.g., starvation), spores are formed that are highly resistant to disinfection (Driedger et al. ; Radziminski et al. ) . It has been reported that the Bacillus spores are 10-75 times more resistant than its vegetative form (Blatchley et al. ) . 
Moreover, SO 4
•À also exhibits a nonselective oxidation pat- should be carried out in the experimental region being studied (Bezerra et al. ) . RSM was used to model and optimize spore reduction (Huang et al. ) . In this study, a central composite design (CCD) was used as a novel approach to optimize the log reduction of B. subtilis spores by the UV/persulfate process. Contact time, pH, and concentration of persulfate solution were studied as key parameters affecting disinfection in this investigation.
MATERIALS AND METHODS
The materials used in this study included sodium persulfate For sample preparation, 4 mL of the spore suspension was poured into 500 mL of sterilized drinking water. For further inactivation of vegetative cells, the samples were heated up to 80 W C and kept for 12 min at this temperature (Larson & Mariñas ) . The turbidity of this suspension was between 25 and 32 Nephelometric Turbidity Units (NTU), which led to the production of 10 6 -10 8 spores/mL.
Experimental design
The CCD was employed to investigate the process of B. subtilis inactivation using UV, persulfate, and the combination of UV/persulfate. The RSM was used to determine the com- (1) and (2), respectively
where y is the response; X i and X j are the variables; β 0 is the constant coefficient; β i , β j , β ij are the interaction coefficients of linear, quadratic, and second order terms, respectively; k is the number of studied parameters; and ε is the system error.
The effect of each factor was evaluated by analysis of var- In order to estimate the enhancement resulting from the combined process, inactivation efficiencies were compared with those of individual processes. Both the UV and UV/persulfate processes were performed using a low pressure UV lamp, which emitted monochromatic UV radiation at 254 nm. The UV intensity was measured as 112 μW/cm 2 at the distance of 125 mm between the lamp and water surface.
The dose can be calculated by multiplying the mentioned intensity by the contact times and is presented as mW.s/cm 2 .
Fifty milliliters of synthetically prepared sample was poured into a sterile petri dish (90 mm diameter), and the solution's pH was adjusted to the desired value using a few drops of H 2 SO 4 or NaOH. In the UV experiments, the sample was put under a UV lamp and gently stirred throughout the exposure period. In the case of the persulfate and UV/persulfate procedures, the persulfate stock solution was prepared in such a way that only 1 mL was required to provide the defined persulfate concentration. The sample was gently stirred throughout the contact time. At the end of each contact time, residual persulfate was neutralized by adding 1 mL of sodium thiosulfate based on a mole to mole ratio. At the end of each exposure, 10 mL of the disinfected sample was collected for microbial analysis.
Microbiological analysis
Viability was determined by the membrane filtration technique using nitrocellulose filters (Sartorius Stedim, No. 
RESULTS AND DISCUSSION
CCD and regression models
In this study, the effects of contact time, pH, and persulfate dosage were investigated on B. subtilis spore inactivation separately, and also in combination with UV and persulfate.
The experiments were performed using a CCD, and the corresponding results for the UV and UV/persulfate processes are shown in Tables 2 and 3 , respectively. Multiple regression analysis of three experimental phases is presented in Table 4 . Multiple R 2 , adjusted R 2 , and p-value were used to assess the model adequacy. Both contact time and pH were significant in the UV process alone, while no interaction was observed between the variables (Table 4) . It should be mentioned that terms which could show interactions were omitted from the final model to optimize the model, since these were not statistically meaningful.
The difference between R 2 and R 2 adj , less than 0.2, as well as a lower p-value (1.56 × 10 À8 ), suggests that the model is reliable. All of the linear coefficients in the persulfate process were not significant ( (Table 5 ). Statistical testing of the model was done in the form of ANOVA analysis, which is required to test the significance and adequacy of the model. A summary of ANOVA results for the selected quadratic model for the UV/persulfate process is provided in Table 5 . The higher F value of 19.64 and the lower probability value of p < <0.05 indicates that the model is highly significant. The model also indicates a statistically insignificant lack of fit.
Response surface and contour plotting
The graphical representations of the regression models, called the response surfaces and the contour plots, were obtained using the R software (Figures 1 and 2 ). In the 
Process optimization
Optimization formulas were obtained (Equations (5)- (7)) according to the regression models (Table 4) for UV and persulfate alone and the combined disinfection process. 
where Y 1 , Y 2 , Y 3 represent log inactivation of B. subtilis spores by the UV, persulfate and UV/persulfate processes, respectively; X 1 is the contact time; X 2 is the pH of the solution; and X 3 is the persulfate concentration in the sample.
The above equations were solved using Solver add-Ins in Microsoft Excel 2013, and the optimization results for the three processes are presented in Table 6 . Based on these results, the maximum inactivation of B. subtilis spores was predicted at 4.1 log after 60 min of treatment by the combined UV/persulfate process at pH 7.8 and 30 mM persulfate dosage. At this optimization point, the UV dose can be calculated by multiplying the lamp intensity Scanning electron microscopy images (Figure 3(a) ) revealed that the spore coats were unaffected, and no distinct differences were observed. Analysis 
by SEM image showed damaged and ruptured B. subtilis spore coats and cores after treatment by combined UV/persulfate (Figure 3(d) ).
Ultrastructural analysis of SEM images shows that B. subtilis spores were resistant to persulfate treatment but that UV irradiation was associated with damaged spore coat layers and that combined UV/persulfate could disrupt the spore coat and core with the highest efficiency. In fact, sulfate radicals were able to enter spores, and cellular compositions diffused into the outer perimeter of spores. This SEM image demonstrates a significant reduction in size and number and also amorphous morphologies of the spores after the combined UV/persulfate process.
In addition, Riesenman and Nicholson (Riesenman & Nicholson ) reported that the spore coat, particularly the inner coat layer, could not resist 254 nm UVC radiation.
The destructive mechanisms underlying the disrupted spore coat and core were not the goal of this study and require further analysis.
CONCLUSIONS
Bacillus subtilis spores were used as target microorganisms that are resistant to conventional disinfectants. The effects of three disinfectants including UV, persulfate, and combined UV/persulfate were investigated for their efficacy in the inactivation of B. subtilis spores. In the case of each individual process, UV irradiation reduced spores up to 3.19 log in certain conditions (i.e., pH ¼ 8 and 60 min contact time), while persulfate did not achieve a significant level of spore inactivation at higher applied dosages.
Among the tested disinfectants, the combined UV/persulfate process demonstrated the greatest effect on spore inactivation with a 4.1 log reduction. In this process, SO 4
•À radicals generated from the persulfate activation by UV irradiation showed an enhancement of inactivated B. subtilis spores with close to a 1 log reduction. Although the results achieved in the UV/persulfate process are promising for spore inactivation, additional studies are required to evaluate other aspects such as the various UV intensity, process cost, and bench scale use of this process.
Also it should be noted that the current study was performed to evaluate the efficacy of the process; so we had to test higher spore densities to see the effects of independent variables on the log-reduction of spores. Then, the applied amount of persulfate could tend to high values of sulfate at the end of disinfection periods. Obviously, in real conditions we are not faced with such high levels of spores; so lower amounts of persulfates would be sufficient.
Therefore, further investigation is required to include initial spore concentrations and lower persulfate levels as independent variables.
